Evidence suggests that mechanical stress, including gravity, is associated with osteoblast differentiation and function. To examine effects of microgravity on bone tissue engineering, we used a three-dimensional (3D) clinostat manufactured by Mitsubishi Heavy Industries (Kobe, Japan). A 3D clinostat is a device that generates multidirectional G force. By controlled rotation on two axes, it cancels the cumulative gravity vector at the center of the device. We cultured rat marrow mesenchymal cells (MMCs) in the pores of interconnected porous calcium hydroxyapatite (IP-CHA) for 2 weeks in the presence of dexamethasone using the 3D clinostat (clinostat group). MMCs cultured using the 3D clinostat exhibited a 40% decrease in alkaline phosphatase activity (a marker of osteoblastic differentiation), compared with control static cultures (control group). SEM analysis revealed that although there was no difference between the two groups in number or distribution of cells in the pores, the clinostat group exhibited less extensive extracellular matrix formation than the control group. Cultured IP-CHA/MMC composites were then implanted into subcutaneous sites of syngeneic rats and harvested 8 weeks after implantation. All implants showed bone formation inside the pores, as indicated by decalcified histological sections and microfocus computed tomography. However, the volume of newly formed bone was significantly lower for the clinostat group than for the control group, especially in the superficial pores close to the implant surface. These results indicate that new bone formation in culture was inhibited by use of the 3D clinostat, and that this inhibition was mainly due to suppression of osteoblastic differentiation of MMCs.
INTRODUCTION
tion has been observed in the pore areas of the HA ceramics (9) (10) (11) (12) 24, 25) . Importantly, the composites also exhibited healing effects when implanted into sites with Evidence suggests that mechanical stress, including gravity, is associated with osteoblast differentiation and bony defects (8) . However, there have been no reports of effects of microgravity environments on cellular re-function. It is generally accepted that bone tissue is sensitive to mechanical stress or loading, and that mechani-sponses involved in bone tissue engineering. In this study, we used a three-dimensional (3D) cli-cal stresses affect the shape of bone (2) . Histological analysis of bones from rats flown abroad space missions nostat, which is a device that generates multidirectional G forces, to examine the effects of microgravity on bone has shown decreased bone formation and defects in bone maturation, suggesting impaired functioning of osteoblasts tissue engineering. By controlled simultaneous rotation about two axes, the 3D clinostat cancels the cumulative (4, 22, 23) .
We previously examined the osteogenic capability of gravity vector at the center of the device, producing an environment with an average of 10 −3 G over time. We fresh marrow cells and cultured expanded marrow mesenchymal cells combined with porous hydroxyapatite cultured rat marrow mesenchymal cells (MMCs) in the pores of interconnected porous calcium hydroxyapatite (HA) ceramics. In such composites, ectopic bone forma-ceramics (IP-CHA) for 2 weeks in the presence of dexa-900 rpm for 5 min at 4°C, and were resuspended at 10 6 cells/ml. The two ceramic blocks were immersed in 2 methasone using the 3D clinostat, implanted the cultured MMCs into subcutaneous sites of syngeneic rats, and ml of cell suspension (10 6 cells/ml) overnight at 37°C, using a 3D clinostat (clinostat group) or under normal harvested them 8 weeks after implantation. We examined the differentiation of the cells after 3D clinostat static gravity conditions (control group). After the overnight incubation, the blocks were trans-culture, and evaluated newly formed bone 8 weeks after implantation, using decalcified histological sections and ferred into 50-ml centrifugation tubes (Falcon, Franklin Lakes, NJ) for subculturing. Three blocks were subcul-microfocus computed tomography. tured in each tube with 60 ml of the standard medium MATERIALS AND METHODS supplemented with 10 mM β-glycerophosphate, 10 mM Three-Dimensional Clinostat disodium salt, 10 mM pentahydrate (Calbiochem, Darmstadt, Germany), 82 µg/ml L-ascorbic acid phosphate The 3D clinostat was manufactured by Mitsubishi magnesium salt n-hydrate (Wako Pure Chemical Indus-Heavy Industries (Kobe, Japan). By controlled simultatrials, Osaka, Japan), and 10 −8 M dexamethasone (Dex, neous rotation about two axes, the 3D clinostat cancels Sigma Chemical). The medium was renewed three times the cumulative gravity vector at the center around the a week, and the subcultures were maintained for an addevice, producing an environment with an average of ditional 2 weeks with or without use of the 3D clinostat. 10 −3 G over time. A chamber at the center of the device The subcultured MMCs in the ceramic blocks were is rotated to disperse the gravity vector uniformly within washed twice with phosphate-buffered saline (Invitrogen, a spherical volume at a constant angular velocity.
Grand Island, NY) and prepared for measurement of al-Materials kaline phosphatase (ALP) activity to evaluate in vitro osteoblastic differentiation of marrow mesenchymal cells. IP-CHA was synthesized using a "foam-gel" tech-Some IP-CHA/MMC composites were examined with a nique, as previously reported (18). The porosity of IPscanning electron microscope (SEM, JSM-5200, Nihon CHA is approximately 75%, average pore diameter is Denshi Oyo, Tokyo, Japan) to assess ingrowth of cells 150 µm, and interconnecting channels have an average in the IP-CHA pores. diameter of 40 µm. More than 90% of the interconnecting channels have a diameter greater than 10 µm, allowing easy penetration by tissue and easy introduction of Implantation exogenous cytokines and cells. Cylindrical blocks with a Syngeneic 7-week-old male Fischer 344 rats were andiameter of 6 mm and thickness of 5 mm were prepared. esthetized by intramuscular injection of ketamine (45 mg/kg) and xylazine (9 mg/kg). Three ceramic blocks Marrow Cell Preparation and Culture cultured with MMCs in the presence of Dex for 2 weeks Marrow cells were obtained from the bone shaft of (with or without use of the 3D clinostat) were implanted the femora of 7-week-old male Fischer 344 rats. Both subcutaneously at three sites into the back of each synends of the femur were cut away from the epiphysis, geneic rat. Two syngeneic rats were implanted three cliand the marrow was flushed out using 10 ml of culture nostat group constructs and three control group conmedium expelled from a syringe through a 21-gauge structs, respectively. The rats were sacrificed 8 weeks needle, according to the method developed by Maniatoafter implantation, and the three implants were harvested poulos et al. (5) . The released cells were collected in from each experimental group for histological assay and two T-75 flasks (Costar, Cambridge, MA) containing 15 microfocus computed tomography evaluation. All proceml of the standard medium described below. The medures used in the animal experiments conformed to the dium was changed after 24 h, to remove hematopoietic standards of the Osaka University Medical School cells. Subsequently, the medium was renewed three Guidelines for the Care and Use of Laboratory Animals. times a week. Cultures were maintained in a humidified atmosphere of 95% air and 5% CO 2 at 37°C.
Histological Examination The standard medium consisted of Eagle's minimal essential medium (MEM) containing 15% fetal bovine
To obtain decalcified sections, three implants were harvested from each group at 8 weeks after implantation serum (JRH Bioscience, Lenexa, KS, Lot No. 002095) and antibiotics (100 U/ml penicillin, 100 µg/ml strepto-and fixed in 10% buffered formalin. After microfocus computed tomography analyses, the samples were decal-mycin, and 0.25 µg/ml amphotericin B; Sigma Chemical, St. Louis, MO).
cified with K-CX solution (Falma, Tokyo, Japan) and embedded in paraffin. They were cut perpendicular to After 7 days in primary culture, adherent MMCs were released from the culture substratum using 0.1% the circular face of the implants, and were stained with hematoxylin and eosin for light microscopy. trypsin. The cells were concentrated by centrifugation at Biochemical Analysis ALP activity was measured as reported previously (24) . Each IP-CHA block was crushed, homogenized in 0.2% Nonidet P-40 containing 1 mM MgCl 2 , and centrifuged at 10,000 rpm for 1 min at 4°C. The supernatant was assayed for ALP using p-nitrophenyl phosphate as the substrate. ALP activity was represented as µmol of p-nitrophenol released per IP-CHA block during 30 min of incubation at 37°C (15). Total protein content was measured using the same supernatant. We used protein assay dye reagent concentrate (Bio-Rad, Hercules, CA) in the protein content assay, and measured absorbance at 595 nm. In the control group at 2 weeks, the wall surface of image intensifier field of 3.0 inches. After the samples most pores in the superficial part of the implants was were scanned, they were decalcified and prepared for covered by round or spindle-shaped cells and extracelluthe histological sections. Each microfocus CT image lar matrix. There was less extracellular matrix formation was compared with a histological section at the same in the clinostat group than in the control group. In both level, and the intensity of the newly formed bone in the groups, there were fewer cells and there was less extramicrofocus CT image was evaluated. The areas of newly cellular matrix deposition in the deep part of the imformed bone in the microfocus CT images that matched plants, and there was no difference between the groups those of the histology section were extracted, and their ( Fig. 2 ). volume was measured using the TRI3D-BON software package (Ratoc System Engineering, Tokyo, Japan).
Histological Analysis After In Vivo Implantation After 2 weeks of culture, the pore surface of the ce-Statistical Analysis ramic was covered with a thin layer of bone matrix and Statistical analysis was performed using an unpaired a lining of active osteoblasts. We refer to these cultured t-test with STATVIEW version 4.5 statistical analysis ceramics as constructs: clinostat/cult construct for culsoftware (SAS Institute, Cary, NC). The statistical sigture with the 3D clinostat; and control/cult construct for nificance level was set at p < 0.05. culture without the 3D clinostat. Eight weeks after in vivo implantation of constructs,
RESULTS
bone formation was clearly visible in many pores of In Vitro Osteoblastic Differentiation of MMCs both clinostat/cult and control/cult constructs (Fig. 3) . ALP activity (a marker of osteoblastic differentia-In all implants, decalcified histological sections showed tion) of the clinostat group was about 40% less than that bone formation inside the pores, but the area of newly of the control group (clinostat group, 23.9 µmol/30 min/ formed bone was smaller in the clinostat group than in HA; control group, 41.2 µmol/30 min/HA; p = 0.0017) the control group, especially in the superficial part of (Fig. 1 ). There was no statistical difference (p = 0.2964) the implants. in total protein content between the clinostat group Microfocus CT Evaluation of Newly Formed (943.7 µg) and control group (865.8 µg). These results
Bone Volume indicate that simulated microgravity suppressed in vitro osteoblastic differentiation of MMCs in the pores of IP-Briefly, the microfocus CT images show areas with high (white), middle (gray), and low (black) radiodensi-CHA without suppressing cell proliferation. The white area is the ghost of hydroxyapatite ceramic produced by decalcification; the black area is the bone that has formed in the ceramic pore areas. All implants showed bone formation inside the pore areas on decalcified histological sections, but the volume of newly formed bone was lower in the clinostat group than in the control group, especially in the surface areas of the implants (hematoxylin and eosin staining, original magnification ×10).
ties. After matching histological sections with microfocus CT images, we defined the white, gray, and black areas as IP-CHA (HA), newly formed bone (NB), and fibrovascular tissue with fat cells (F), respectively. Using TRI3D-BON software, the NB areas were colored orange and were measured. Finally, we calculated the total volume of orange-colored areas, which was defined as the total volume of newly formed bone in the con- We also assembled a 3D image and evaluated the distriinto 15 areas (A1-C5). We measured the newly formed bone volume in each area and the entire body to evaluate the distri-bution of newly formed bone in a sagittal section bution, using the TRI3D-BON software.
through the longitudinal axis of the constructs. Newly formed bone was observed inside the pore areas in both groups, but the area of newly formed bone was somewhat less for the clinostat group than for the control B3) than in other parts, suggesting poor bone formation in the central part. These data are consistent with the group, especially in the superficial part of the implants (Fig. 4) . To evaluate the distribution of newly formed histological analysis shown in Figure 3 . bone, we divided the 3D image of each construct into DISCUSSION 15 sections, and measured the newly formed bone volume for the entire construct and each section (Fig. 5) .
Microgravity affects important cellular processes in osteogenic cells, including proliferation, differentiation, The volume of newly formed bone for the entire construct was significantly less for the clinostat group (8.0 and bone-related gene expression (6, 13, 14, 16, 17, 19, 21, 27) . In spaceflight experiments, microgravity has been mm 3 ) than for the control group (12.3 mm 3 , p = 0.024) ( Table 1 ). In both groups, newly formed bone volume shown to stimulate osteoclastic resorption of mineralized matrix in organ cultures of bone rudiments (20) , was much less in the central part (represented by section with the ALP activity data (Fig. 1) , these results suggest that the simulated microgravity inhibited osteoblast dif- We analyzed the in vivo bone-forming capability of A5 3 0.52 ± 0.07* 0.85 ± 0.08 the two groups using two different morphological approaches: the traditional histological approach, and mi- tion was observed inside the pores of all implants, but *p < 0.01 versus control/culture construct.
the volume of newly formed bone was lower for the †p < 0.05 versus control/culture construct.
clinostat group than for the control group, especially in the superficial pores of the implants (Fig. 3 ). In the microfocus CT evaluation of the sagittal section of these and has been shown to reduce ALP and osteocalcin gene expression in the human osteoblastic cell line MG-63 constructs, the volume of newly formed bone was lower for the clinostat group than for the control group in the (1) . Although these results suggest that microgravity inhibits osteogenic functions, there have been no reports of surface areas of the implants (Fig. 4) . Quantitative microfocus CT analysis of newly formed bone in all con-the effects of microgravity on bone tissue engineering.
We previously reported that a combination of IP-structs, after dividing each construct into 15 areas, showed that there was less bone formation in the clinos-CHA and MMCs has excellent osteogenic properties (7), suggesting that such a composite could be very useful tat group than in the control group, especially in the surface areas ( Table 1) . for bone tissue engineering. Ectopic bone formation was observed in the pore areas of the HA ceramic of this All of the present results indicate that new bone formation in bone tissue engineering constructs comprising composite. In the present study, we examined the effect of microgravity on bone tissue engineering using this porous HA scaffold and MMCs was inhibited by the multidirectional G force culture environment in the 3D composite and a 3D clinostat. The 3D clinostat is used to simulate microgravity environments on Earth (3).
clinostat. We believe that this inhibition in vivo was mainly due to the suppression of osteoblast differentia-Yuge et al. reported that when normal human osteoblast (NHOst) cells were cultured in a culture flask using a tion of MMCs during in vitro microgravity culture. However, because only the clinistat group experienced 3D clinostat, osteoblast differentiation was inhibited (26) . However, there have been no reports of cellular gravitational change from microgravity in vitro to normal gravity in vivo, this environmental change may have responses to microgravity in bone tissue engineering.
In the present study, ALP activity (an early marker affected the bone formation activity in vivo. In addition, there remain possibilities that other phenotypic changes of osteoblast differentiation) was lower in the clinostat group than in the control group. We also measured total caused by microgravity, such as cytokine production, inhibited the bone formation in vivo. protein content for each group to examine the effects of microgravity on cell proliferation, and found no differ-CONCLUSIONS ence between the two groups. These results indicate that simulated microgravity suppressed in vitro osteoblastic
The 3D clinostat is a powerful and versatile tool for the study of gravitational cell biology, and for other differentiation of MMCs in the pores of IP-CHA without suppression of cell proliferation. In SEM analysis, we fields of study such as physics and material sciences. In with an interconnective porous structure exhibit superior osteoconduction in vivo. J. Biomed. Mater. Res. 59:110-
